A steam injector (SI) is a simple, compact and passive pump and also acts as a high-performance direct-contact compact heater. This provides SI with capability to serve also as a direct-contact feed-water heater that heats up feed-water by using extracted steam from turbine. Our technology development aims to significantly simplify equipment and reduce physical quantities by applying "high-efficiency SI", which are applicable to a wide range of operation regimes beyond the performance and applicable range of existing SIs and enables unprecedented multistage and parallel operation, to the low-pressure feed-water heaters and emergency core cooling system of nuclear power plants, as well as achieve high inherent safety to prevent severe accidents by keeping the core covered with water (a severe accident-free concept). This paper describes the results of the scale model test, and the transient analysis of SI-driven passive core injection system (PCIS).
Introduction
Nuclear power plants have a number of advantages in that "nuclear power plants are environmentally acceptable as they do not produce carbon dioxide, and fuel loaded in a reactor core has a stockpiling effect to be advantageous in terms of Japan's energy security." On the other side of the coin, however, the cost of constructing new nuclear power plants is increasing and nuclear power plants are facing competition from advanced-combined-cycle thermal power plants in terms of power costs. Furthermore, when it comes to a fourth-generation nuclear reactor that is now becoming the mainstay reactor technology in Europe and the United States, there is a growing call for the incorporation of capability to deal with severe accidents in a reactor design. For these reasons, nuclear power plants are becoming less attractive in terms of overall costs including back-end expenses.
Based on the high-efficiency steam injector (SI) technology that has been developed to achieve high performance and extend an application range (1) ~ (5) , the project has for its objective to simplify nuclear power plants, substitute SIs for feed-water heaters and emergency core cooling system (ECCS), thereby to substantially simplify systems and components, achieve material reductions, and high inherent safety to save the core from severe accidents by keeping the core covered with water (a severe accident-free concept), thus enhancing the reliability and international price competitiveness of Japanese nuclear power plants (6) .
SI is a passive jet pump that has no movable part and drives feed-water by supersonic jet. The two types of SI are existing as shown in Fig.1 (a) and (b) (7) , (8) . When water is injected from the water jet nozzle at the axial center in the case of Fig.1 (b) and steam is supplied to the annular steam nozzle composed of the outside of the water jet nozzle and the mixing nozzle inlet, the steam becomes a supersonic flow in the mixing nozzle and accelerates the water jet, producing a high-speed water flow at the throat. In the after-throat process, steam condensation is completed and the flow changes into a single-phase water flow, which is decelerated by a diffuser, with its pressure rising to a high level in accordance with Bernoulli's principle. In addition to its function as a pump, the SI works as a heat exchanger through direct contact between steam and water. This provides the SI with capability to serve also as a direct-contact feed-water heater that heats up feed-water by using extracted steam from the turbine. As it is compact equipment, the SI is expected to bring about great simplification and materials-saving effects, while its simple structure ensures high reliability of its operation, thereby greatly contributing to the simplification of the power plant (6) .
Passive Core Injection System (PCIS)
The innovative-simplified nuclear power plant as shown in Fig.2 , consists of a simplified feed-water heating system, a passive core injection system (PCIS) and a passive containment cooling system (6) , (9) , (10) . Of these systems, the PCIS driven by high-efficiency SIs is a system that, in an accident such as a LOCA (loss of coolant accident), attains discharge pressure higher than the supply steam pressure to inject water into the reactor by operating the SIs using the pool water in the containment vessel as the source of water supply and the steam contained in the reactor as the source of pressurization energy as shown in Fig.3 . The SIs, passive equipment, is used to replace large rotating machines (active equipment) such as pumps and motors, eliminating the failure probabilities of such active equipment (9) , (10) .
In a SI-driven PCIS, redundancy will be provided to ensure that the water and steam supply valves to the SIs open reliably, and when the valves open, the SIs will automatically start to inject water into the core to keep the core covered with water. Thus, the SI enables the development of systems with high inherent safety to save the core from severe accidents (a severe accident-free concept) (9) , (10) . 
SI

Specifications Required for SI-driven PCIS
The specifications for the RCIC (reactor core isolation cooling) system, HPCF (high-pressure core flooder) system and LPFL (low-pressure flooder) system of current ABWRs (advanced boiling water reactors), on which the development of an innovative-simplified nuclear power plant is based, apply to SI-driven PCIS.
A wide range of operation pressures from about 8 MPa to as low as about 0.1 MPa can be covered with a system consisting of a combination of multiple SIs, for example, using a central steam jet-type SI as the high-pressure core injection system and a central water jet-type SI as the low-pressure core injection system.
We determined the target specifications of the SI-driven PCIS as shown in Table 1 (9) , (10) . First, steam centered SIs are used for the high-pressure SI-driven PCIS operated at high steam pressures (8 to 2 MPa). Each injector works with a flow rate of 45.6 kg/s, and we can attain 456 kg/s by operating ten SIs. This is equal to the total flow rate of the RCIC and HPCF systems used in current ABWRs. Next, water centered SIs are used for the low-pressure system operated at low steam pressures (2 to 0.1 MPa). Each injector works with a flow rate of 79.2 kg/s, and we can attain 792kg/s by operating ten SIs. This is equal to the total flow rate of the LPFL system in current ABWRs. 
Scale Model Test of SI-driven PCIS
The performance of a SI doesn't depend on the SI size. The performance of a SI is able to estimated by the theoretical equations calculated with pressure and velocity of steam and water, cross-sectional area-ratio, and so on (11) , and confirmed that it shows little scaling-effect by the CFD analysis (7) , (8) . And the results of analysis by that theoretical equation showed good agreement with the test data (12) . In addition, the test results of the 1/5-scaled model were almost similar to those of the 1/7-scaled model (13) . Therefore, we regard the SI has a geometric-analogy (14) .
Thus, the SI experiments were carried out with scaled models tests.
Test Apparatus
A scale model test to demonstrate the visualization of the injection process using a low-pressure SI driven by the steam in the reactor pressure vessel (RPV) was conducted to validate the capability of the SI-driven PCIS to keep the core covered with water by injecting water into the core in an accident. Figure 4 shows the conceptual design of the test apparatus. And Fig. 5 shows the external appearance of test apparatus. The test apparatus was designed to observe the process of increase in the water level in the test vessel (simulated RPV) as well as the process of water injection by operating the SI-driven PCIS at a low pressure (about 1.5 MPa), with very small-scaled SI model connected to an about a-tenth-scaled test vessel representing a RPV. The SI test model is an about 1/25-scaled SI for the low-pressure core injection system.
The simulated RPV is an electric boiler having a 59 kW heating element to heat water, with a maximum pressure of 1.7 MPa and a maximum temperature of 207°C. (10) Fig. 4 Figure 6 shows the flows of steam and water in the entire test apparatus. Water is pumped by the small pump from the water tank to the SI. In the SI, the water is pressurized using the steam from the simulated RPV and then is injected into the simulated RPV.
Test to Verify the Capability of the SI-driven PCIS
The graphs in Fig. 7 and Fig. 8 show that the water level in the simulated RPV increases when water is injected into the simulated RPV after being pressurized to a discharge pressure higher than the simulated RPV pressure by operating the SI test model with the steam in the simulated RPV. The process of injection of the water jet discharged from the SI into the test vessel was observed. Figure 9 shows a high-speed camera picture taken through the observation window. The right side of the picture is the direction in which the discharge pipe from the SI is connected to the test vessel. The SI was started and the water jet discharged from the SI is being injected into the test vessel.
While an increase in the water level in the test vessel was shown by an increase in the indication of the water level indicator of the test vessel ( Fig. 10 ) (10) . Left picture is the water level in the test vessel before the SI was started. After the SI is started, water injection into the vessel starts and then the water level in the vessel increase. 
Transient Analysis of SI-driven PCIS
To verify the capability of SI-driven PCIS for the actual plant, we are planning the actual scale analysis. As the preparation for the analysis of the actual scale SI-driven PCIS, we conducted the analysis of the scale model test.
Analysis Model for the Scale Model Test
We did one-dimensional simple model analysis by using the TRAC code. Figure 11 shows the analysis model for the scale model test apparatus described in Fig. 4 . This analysis model consists of pipe component as the test vessel, side fill component as the SI-discharge line, and fill components as the boundary condition. And we added the heat to the fluid to simulate the electric heater.
In this analysis model, there are two positions to inject water. To confirm the injection position of the RPV, we analyzed following two cases.
Case1 is injection into the liquid-phase of the vessel. Case2 is injection into the vapor-phase of the vessel. Figure 12 shows the pressure in the test vessel at the scale model test, and Fig.13 shows the pressure in the pipe component of analysis. Both graphs show pressure as vertical axis, and time scale as horizontal axis. In this analysis, at 20 seconds water injection by SI is started, and at 25 seconds, injection flow rate arrive rated value.
Compare Analysis Result with Test Data
The pressure decrease rate of the scale model test is 4.9e-4 MPa/sec. based on Fig.12 . On the other hand, the pressure decrease rate of analysis result is 4.8e-4 MPa/sec. based on Fig.13 . From the comparison of these data, we confirmed that the pressure decrease rates are virtually same level. In addition Fig.14 and Fig.15 shows the water-level in the vessel. Both graphs show water-level as vertical axis, and time scale as horizontal axis. In this analysis, at 20 seconds water injection by SI is started, and at 25 seconds, injection flow rate arrive rated value.
The water-level increase rate of the scale model test is 0.353 mm/sec. based on Fig. 14. On the other hand, the water-level increase rate of analysis result is 0.346 mm/sec. based on Fig.15 . From the comparison of these data, we confirmed that the water-level increase rates are virtually same level. [sec]
[m]
Fig.14 Water level data of scale model test Fig.15 Water level data of analysis result Therefore, we estimated that the analysis shows good agreement with the scale model test data.
Incidentally, both the scale model test and analysis are injection into the liquid-phase of the vessel. That is to say, it is case1.
Comparison of the Injection Points
To confirm the injection position of the RPV, we analyzed following two cases. Case1 is injection into the liquid-phase of the vessel. Case2 is injection into the vapor-phase of the vessel. The pressure decrease rate of case1 is 4.8e-4 MPa/sec. based on Fig.16 . On the other hand, the pressure decrease rate of case2 is 1.3e-3 MPa/sec. based on Fig.17 . From the comparison of these data, we confirmed that the pressure decrease rate of case2, i.e. injection into the vapor-phase, is larger than case1, i.e. injection into the liquid-phase. Therefore, we estimated that when we inject water into the vapor-phase, the water-level increase rate is same value but the pressure decrease rate is large in comparison with the case of water injection into the liquid-phase.
Conclusions
Using high-performance SI system technologies that can be applied for a wider operating range, we have developed on an innovative-simplified nuclear power plant design in order to apply the high-performance SIs for the core coolant injection systems and feed-water heating systems.
The scale model test to demonstrate the visualization of water injection into the core by a low pressure SI was conducted to verify the capability of a SI-driven PCIS to keep the core covered with water. The test confirmed the capability of the SI to inject water into the core.
The analysis of the scale model test was conducted. The analysis results showed that the water level of the test vessel was increased and the pressure in the test vessel was decreased by SI injection. These analysis results showed the good agreement with the scale model test data.
We verified that the SI-driven passive core injection system could increase the reactor water level and decrease the reactor pressure using the steam from the reactor.
The either analysis cases for water injection into the liquid-phase or into the vapor-phase, confirmed the capability of the SI-driven passive core injection system.
